O2 affinities of the bioluminescence systems have been measured in five species of luminous bacteria. Photobacterium phosphoreum He-1 a, recently isolated from a fish light-organ, showed half maximal bioluminescence at 0.01 5 ~M -O , , whereas another symbiotic strain (PJ-la) gave a 33-fold higher value. Vibrio fischeri MJ-1 gave a value of 0.60 yM-O2, and the symbiotic Photobacterium leiognathi LN-la gave half maximal emission at 0.7 pM-0,. These results indicate the importance of strain selection for sensitive O2 measurements. R E F E R E N C E S CHANCE, B. & OSHINO, R. (1978). Luminous bacteria as an oxygen indicator. Methods in Enzymology 57,223-226. DUNLAP, P. (1 984). Physiological and morphological state of the symbiotic bacteria from light organs of pony fish. Biological Bulletin 167, 410-425. DUNLAP, P. (1 985). Osmotic control of luminescence and growth of P. leiognathi from pony fish light organs.
I N T R O D U C T I O N
That the bioluminescence of some lower organisms requires the presence of air was first observed by Boyle in 1667, who described the dimming of 'shining wood' in an evacuated vessel (cited by Harvey, 1957) . For luminous fungi, responsible for the luminous wood observed by Boyle, half maximal luminescence occurs at between 3 and 8 % O2 ; corresponding values for some bacteria are much lower, e.g. between 0.007 and 0.009% O2 (about 0.1 ~M -O , ) (Shapiro, 1934; Hasting, 1952) .
The usefulness of bacterial bioluminescence in measuring low concentrations of O2 at high spatial resolution was pioneered by Beijerinck in 1889 (experiments cited by Harvey, 1952) . More recently, applications to sensitive O2 assays have been described by Schindler (1964) , Oshino et al. (1972, 1973) , Chance & Oshino (1978) and Poole et al. (1979) . Lloyd et al. (1982) used the great sensitivity of the method to probe the O2 requirements of the mitochondria1 respiratory chains of yeasts and protozoa. Further refinements of these techniques (Lloyd, 1984) have enabled the demonstration of an O2 gradient across the plasma membrane of Acanthamoeba castellunii , and an approach to measurement of the 0, sensitivity of methanogenesis (Scott et al., 1983) . 0, biosensors use intact luminous bacteria separated from the sensing zone by a membrane (Lloyd et al., 1981) or immobilized in acrylamide gel (Imaeda et al., 1983) .
For the most sensitive O2 measurements it is important to choose organisms with bioluminescence systems of high O2 affinity. The present report indicates that light emission from different, recently-isolated fish symbionts differs markedly in its 0 2 affinities with half maximal luminescence occurring between 15 and 720 nM-02.
M E T H O D S
Bacteria. Four of the five strains used were located directly from light organs. Photobacterium phosphoreum Hel a was isolated by Dr Paul Dunlap (Department of Microbiology, Cornell University, Ithaca, NY, USA) from Paratrachichtysprosthemius obtained at the Manazuru (Japan) fish market in summer 1983 ; P . phosphoreum PJ-1 a was isolated from Physicufus japonicus obtained at the Odawana (Japan) fish market in summer 1982 and P . Ieiognathus was isolated in spring 1983 from a live Leiognathus nuchalis captured off Misaki (Japan). Fig. 1 . Apparatus for measurement of 0, affinity of bioluminescence in photobacteria. All tubing was of stainless steel or glass and joints were of Araldite. The gas mixer enabled mixing of two gases in 5% steps. When not in use the Couloximeter was switched off line. For further details see text.
Vibrio,fischeri MJ-1 was isolated by Ruby & Nealson (1977) from the light organ of a live pinecone fish, Monocentris juponicus. P . phosphoreum jw-1 was isolated from a sea water sample from a depth of 600 m in the North Atlantic ocean (Ruby et a f . , 1980) . For the present experiments all bacteria were grown at 25 "C on Photobacterium Broth (Difco; 20 ml in 50 ml conical flasks) with rotary shaking at 60 r.p.m., and maintained on the same medium containing 3% (w/v) agar. Slopes were kept at 4 "C and subcultured every 10 d.
Hurnestingand starvation. Bacteria were harvested by centrifugation at 5000 r.p.m. for 10 min (2-2 x lo4 g-min)
in the 8 x 50 ml rotor of an MSE Centaur centrifuge. After resuspension in a buffer containing 0.5 M-NaCl/O.l Mpotassium phosphate (pH 7.0), they were centrifuged and finally resuspended in a volume of this buffer equal to that of the original culture. Bacteria kept at 4 "C in this starvation buffer continued to emit light for up to 2 weeks.
Measurement of bioluminescence. Bioluminescence was measured under controlled 0, concentrations in the apparatus shown in Fig. 1 . The thermostated stainless steel reaction vessel contained 5 ml bacterial suspension, and the mobile gas phase was bubbled through at 40 ml min-I. A positive pressure maintained by passing the outflowing gas into a Drechsel bottle containing a 10 cm water head minimized the possibility of atmospheric leaks through the threaded steel cap of the vessel. Gas was mixed from three standard cylinders: prepurified N2, 0.049% O2 in N2, and 1 % 0, in N2 (checked by Servomex analysis) (Air Products, Cardiff, Wales, UK). Oxygen in the prepurified N 1 was specified as < 3 p.p.m. ; further purification to < 0-5 p.p.m. was achieved by passage through an Oxiclear cartridge (Pierce & Warriner, Chester, Cheshire, UK) before mixing in a digital gas mixer (Lundsgaard & Degn, 1973) . The disposable Oxiclear cartridge consists of an 0, absorbing gas purifier with high efficiency and low resistance to flow, operating on-line at ambient temperature. Its specification cites O2 removal to < 1 p.p.m. when incoming 0, is 10 p.p.m, or less, and it is effective for a total of 900 ft3 (26 m3) of gas at s.t.p. Partial pressures of 0, lower than those provided by the mixer were generated by electrolysis of 10% (w/v) KOH solution with a constant-current device. O2 content of the gas stream was then measured with a Couloximeter (Shandon Scientific, Runcorn, Cheshire, UK), a highly sensitive, quasi-solid state Cd-Ni galvanic cell which produces 10 pA for each p.p.m. 0, in the gas stream when the flow rate is 40 ml min-I ; when not in use the Couloximeter was switched out of the gas stream. A two-way tap permitted rapid switching from gas containing low partial pressures of 0, to air. Bacteria were suspended in a buffer containing 0.5 M-mannitol, 0.17 M-NaCl, 50 mM-potassium phosphate at pH 7.0 during oxygenation; light emission was more stable under these conditions than when a buffer consisting of equal volumes of 0.5 M-NaCI and 0.25 M-potassium phosphate, pH 7.3 (Johnson, 1947) was used.
Dissolved 0, in the bacterial suspensions at concentrations >Om2 p~, was measured by an O2 electrode (Radiometer, Copenhagen). Concentrations of 0, <O-2 p~ were measured as steady state levels in equilibrium with gas of known 0, partial pressures; calculations assumed the following concentrations for 0, solubilities at air saturation: 8 "C, 357 pM; 16 "C, 307 pM; 20 " c , 280 pM; 25 "C, 258 W M ; 30 "C, 235 pM (Wilhelm et a/., 1977) . o2 consumption of the bacteria was insignificant at the cell concentrations used.
Bioluminescence was measured with an EM1 9817 photomultiplier tube operating at 1600 V at room temperature with an EM1 T1501 photon counting system (Thorn EM1 Electron Tubes, Ruislip, Middlesex, UK). The system was controlled from a Commodore microcomputer (PET), and the analogue output connected to a Keithley microammeter gave an analogue readout of photon counts on a potentiometric chart recorder. Light emission was measured without filters through a quartz window (area 1 cm2) in the reaction vessel.
R E S U L T S A N D DISCUSSION
Typical traces obtained for the dependence of intensity of bioluminescent emission on O2 tension are shown in Fig. 2 gas phase to N 2 gave a transient increase in bioluminescence (lasting about 2 min) before a decline to zero emission as anaerobiosis was approached. The increased bioluminescence observed after switching to N, may be due to reapportionment of electron flux between the cytochrome chain and the luciferase pathway as available 0, decreased (Ulitzur et al., 1981) .
Step increases in the O2 partial pressure in the gas phase gave prompt changes to increased levels of light emission. No response was observed on the 0, electrode trace until dissolved O2 concentrations exceeded 0.2 PM. Switching back to air gave rapid re-establishment of levels of light emission similar to those observed initially. After an extended period of anaerobiosis, aeration leads to an overshoot in bioluminescence which lasts a few seconds (Johnson et al., 1939) , and may be explained by the accumulation of the luciferase-FMNH, complex, an intermediate in the bioluminescence reaction sequence (Hastings & Nealson, 1977) . The overshoot was not observed when a step-wise approach to aerobiosis was adopted as in Fig. 2 . Values for 0, concentrations giving 50% of the maximal light emission recorded under a gas phase of air (Table 1) indicated that the luciferase systems of different species or strains of luminous bacteria vary greatly in their O2 affinities. Thus, the bioluminescent reactions of the five organisms used in this study varied over a 50-fold range in their affinities for 0,. Few wellstudied 0,-binding biochemical systems have such a high affinity for 02, and the ease of measuring very low light intensities makes the photobacterial system an attractive one for D . L L O Y D , C . J. JAMES A N D J . W . HASTINGS sensitive O2 measurements, e.g. in investigations on the inhibitory effects of O2 on processes normally occurring at high rates under anaerobic conditions (Lloyd et af., 1982; Scott et af., 1983; Lloyd, 1984) . Measurements of O2 concentrations as low as 30 nM have been made with V .
Jischeri strain MJ-1, but some other luminous bacteria (e.g. P . phosphoreurn strain He-la with its 50-fold higher O2 affinity) should prove more suitable for measurements of still lower O2 concentrations. The system of photon counting used in this study combined with rigorous measures for removal of traces of O2 is suitable for investigations of the effects of O2 on sensitive biological systems. Further work is required to ascribe biological function to the avid 02binding luciferases of these symbiotic marine bacteria (Hastings el al., 1985) , although it is evident that, at the high bacterial densities growing in situ in fish light-organs (e.g. 2 x 10' bacteria ml-1 ; Dunlap, 1984 Dunlap, , 1985 , concentrations of dissolved O2 will be extremely low.
